Purpose To evaluate the ability of radiofrequency (RF)-triggered drug release from a multicomponent chain-shaped nanoparticle to inhibit the growth of an aggressive breast tumor. Methods A two-step solid phase chemistry was employed to synthesize doxorubicin-loaded nanochains, which were composed of three iron oxide nanospheres and one doxorubicinloaded liposome assembled in a 100-nm-long linear nanochain. The nanochains were tested in the 4T1-LUC-GFP orthotopic mouse model, which is a highly aggressive breast cancer model. The 4T1-LUC-GFP cell line stably expresses firefly luciferase, which allowed the non-invasive in vivo imaging of tumor response to the treatment using bioluminescence imaging (BLI). Results Longitudinal BLI imaging showed that a single nanochain treatment followed by application of RF resulted in an at least 100-fold lower BLI signal compared to the groups treated with nanochains (without RF) or free doxorubicin followed by RF. A statistically significant increase in survival time of the nanochain-treated animals followed by RF (64.3 days) was observed when compared to the nanochain-treated group without RF (35.7 days), free doxorubicin-treated group followed by RF (38.5 days), and the untreated group (30.5 days; n=5 animals per group). Conclusions These studies showed that the combination of RF and nanochains has the potential to effectively treat highly aggressive cancers and prolong survival.
INTRODUCTION
While the enormous potential of nanoparticles for cancer drug delivery is universally accepted (1) , current clinical practice indicates that nanoparticle-based chemotherapy does not show a consistently significant improvement in efficacy. While nanoparticles maximize the amount of drug in the tumor relative to normal tissues (1, 2) , extravasated nanoparticles remain proximal to the vessel wall resulting in the drug being available primarily to cancer cells in the nearperivascular region of a tumor (3, 4) . As shown in Fig. 1a , successful delivery to tumors requires that a long-circulating nanoparticle 1) enters the tumor microcirculation, 2) navigates through the tumor leaky vasculature into the tumor interstitium and 3) releases the drug to cytoplasmic targets of cancer cells. However, successful delivery of nanoparticles in tumors is limited by numerous biobarriers presented by tumors including low convective transport, high interstitial pressures, and large diffusion distances in the more avascular regions of a tumor. (3) . In addition to the limited spread and penetration of nanoparticles due to these biobarriers, nanoparticles release their content slowly at the target site, which results in non-cytotoxic levels of the drug in the deep interstitium of tumors (5) . While the slow release of content from nanoparticles does not favor cytotoxic effects, this is a required feature, since stable incorporation of the drug into the particle during blood circulation improves the drug's safety profile (6) .
To improve the ability of a nanoparticle to spread its drug cargo throughout the tumor tissue, an elegant strategy is to liberate the content from nanoparticles after they extravasate into the tumor interstitium. Free drug in the tumor interstitium spreads widely within the tumor, and finally diffuses into subcellular compartments. In the case of doxorubicin (abbreviated as DOX), for example, nuclear DNA functions as a sink for the drug (5) . In this context, we recently reported a multicomponent chain-shaped nanoparticle (7), which we termed nanochain. The nanochain is composed of three iron oxide (IO) nanospheres and one DOX-loaded liposome assembled in a 100-nm-long linear chain (Fig. 1b) . In recent publications (7-9), we showed that the multicomponent nature and shape of the 100-nm-long nanochain resulted in a combination of three features leading to theranostic capabilities by simultaneously seeking, imaging and destroying tumors. Firstly, the nanochains exhibited enhanced deposition into tumors (7) . Secondly, the chain-like shape (10, 11) and clustering of iron oxide cores (12, 13) substantially increased the T2 relaxivity per particle compared to their spherical counterparts, which allowed detection of low concentrations of the nanochains in tumors using MRI (8, 9) . Thirdly, a mild radiofrequency (RF) field was able to trigger the release of DOX due to mechanical disruption of the liposomal membrane caused by the oscillation of the iron oxide "tail" of the nanochain (7) . A detailed in vitro investigation of the mechanism of release showed that the response of nanochains to the applied 10 kHz RF field was mechanical oscillations (Fig. 1c) rather than local heating (7). Thus, contrary to heat-induced drug release, the nanochain's triggered release mechanism was shown to be concentrationindependent and based on mechanical forces that occur at the single particle scale. Using histological analysis, animal studies demonstrated that the RF-triggered release of DOX from nanochains resulted in a wide-spread cytotoxic effect throughout the entire tumor (7) .
In this study, we examined the therapeutic outcome of the nanochain-based treatments using longitudinal imaging. We employed a neoadjuvant chemotherapy scenario, which uses chemotherapy in cases of localized primary tumors in order to decrease the size of the primary tumor before surgery. Neoadjuvant therapy is an increasingly attractive option in several scenarios for primary breast cancer therapy, especially in the cases of the aggressive breast cancer subtypes (e.g. triple-negative breast cancer) (14, 15) . In addition to improved clinical outcome, a highly effective neoadjuvant therapy for locally advanced breast cancer has shown to result in improved breast preservation (14, 15) . To test the nanochains in an animal model of triple-negative breast cancer, we used the 4T1 orthotopic animal model following orthotopic injection into the mammary fat pad of syngeneic, immunecompetent mice. The 4T1 cell line is one of the few breast cancer models with a highly aggressive phenotype similar to that observed in the case of human triple-negative breast cancer (16, 17) . Specifically, we used the 4T1-LUC-GFP cell line, which was engineered to stably express firefly luciferase (LUC) and green fluorescent protein (GFP), so we could non-invasively detect cancer cells using bioluminescence imaging (BLI). The presence of cancer cells was verified in histology using fluorescence microscopy. Thus, the progression of the disease could be measured using quantification of the BLI signal as a metric of therapeutic efficacy. Longitudinal BLI imaging demonstrated that a nanochain treatment in a neoadjuvant mode followed by application of an RF field significantly improved outcomes, inhibited the tumor growth of a highly aggressive breast cancer and decreased the overall tumor burden.
MATERIALS AND METHODS

Synthesis and Characterization of Nanochains
The nanochains were synthesized following our previously published method (7) . Briefly, solid-phase chemistry was used to partially modify the surface functionality of nanospheres. CLEAR resin functionalized with amines was modified with a homobifunctional cleavable cross-linker reactive towards amines (DTSSP). Amine-functionalized IO nanospheres were introduced, allowed to bind to the solid support and then cleaved off using a reducing agent (TCEP). The same type of resin was used and the modified spheres with surface asymmetry were introduced in a step-by-step manner. As a final component, an amine functionalized DOX-loaded liposome was added before recovering the chain via a reducing agent. The chains were characterized in terms of their size (DLS), structure (TEM), and magnetic relaxivity (Bruker minispec relaxometer). To evaluate the effect of the geometry on the magnetization, we compared the r2 relaxivity of the nanochain particle to that of its parent IO nanospheres by measuring the transverse (R2) relaxation rates at 1.4 T. Details of the synthesis and the analytical characterization of the DOX-NC nanoparticles are described in our previous publications (7, 9) .
Mouse Tumor Model
All animal procedures were conducted under a protocol approved by the CWRU IACUC. We used an orthotopic 4T1 breast tumor model in mice (7, 8, 18) . The 4T1-LUC-GFP cell line was engineered to stably express firefly luciferase and green fluorescent protein (GFP) to allow tracking and quantification of the cells in vivo and histologically.
Briefly, we inoculated 0.5×10 6 4T1 cells orthotopically in a no. 9 mammary fat pad of female BALB/c mice that was surgically exposed while the mice were anesthetized. Starting 10 days after tumor inoculation, 200 μl of D-luciferin (10-mg/ml) were intraperitoneally administered and imaged after 10 min using a Caliper Life Sciences IVIS system. The animals were imaged every 2-3 days until the terminal point of the study. At the endpoint, organs were extracted and processed for histological analysis. The animals were used in the in vivo studies at week 2. We chose this time point, because it has been shown with BLI imaging and histology that this is the latest time point before the initiation of metastasis.
Survival Study
Once the appropriate size of primary tumors was established with the 4T1-LUC-GFP tumor model (day 14), nanochain at a dose of 0.5 mg/kg DOX were IV injected via tail vein. After 18 h from injection, animals were exposed to an RF field using a custom-made solenoid (N=105 turns, Inner Diameter=2.8 cm). The RF field (amplitude B=2 mT, frequency f = 10 kHz, RF power = 3-5 W) was applied for 60 min using the RF coil positioned 1 cm from the animal and oriented such that the magnetic field was directed toward the tumor. Following the same dose and schedule, groups included untreated animals (injected with saline), animals treated with free DOX followed by RF, and animals treated with nanochains without application of RF. The tumor growth was monitored using BLI imaging. The images were quantitatively analyzed using regions of interest (ROIs) that were manually drawn to measure luminescence in the primary tumor and "hot spots" in other organs (i.e. metastases). The signal in each hot spot was normalized to the background signal of the appropriate healthy organ. The time-course of the signal intensity of metastases in each animal included the summation of all the hot spots. The tumor growth was allowed to progress until the animals showed abnormal symptoms, at which point the animal were euthanized in a CO 2 chamber. Time of death was determined to be the following day.
Histological Evaluation
To confirm the BLI images, ex vivo imaging and histological analysis of organs were performed on animals 30 days after tumor inoculation. Firstly, organs were explanted and imaged using a CRi Maestro fluorescence imaging system. Secondly, organs were histologically evaluated. Briefly, the animals were anesthetized with an IP injection of ketamine/xylazine and transcardially perfused with heparinized PBS followed by 4% paraformaldehyde in PBS. The primary tumors and organs were explanted and post-fixed overnight in 4% paraformaldehyde in PBS. The fixed tissues were soaked in 30% sucrose (w/v) in PBS at 4°C for cryosectioning. Serial sections of 12 μm thickness were collected using a cryostat (Leica CM 300). The tissues were stained with the nuclear stain DAPI. Direct fluorescence of GFP (green) imaging of tumor and organ sections were performed for imaging the location of cancerous lesions. The tissue sections were imaged at 5× and 20× on the Zeiss Axio Observer Z1 motorized FL inverted microscope. To obtain an image of the entire primary tumor or a large section of an organ (e.g. a liver or lung lobe), a montage of each section was made using the automated tiling function of the microscope.
Statistical Analysis
Means were determined for each variable in this study and the resulting values from each experiment were subjected to one-way analysis of variance with post hoc Bonferroni test. A P value of less than 0.05 was used to confirm significant differences. Normality of each data set was confirmed using the Anderson-Darling test.
RESULTS
Nanochain Synthesis
As shown in Fig. 2 , the fabrication of nanochains is based on a two-step approach using solid-phase chemistry (7) . In the first step, amine-functionalized IO nanospheres with a diameter of 20 nm were attached on a solid support via a crosslinker containing a disulfide bridge. Liberation of the nanosphere using thiolytic cleavage created thiols on the portion of the particle's surface that interacted with the solid support resulting in a particle with two faces, one displaying only amines and the other only thiols. As a result, amines were converted to thiols with a topological control, generating a particle with asymmetric surface chemistry. Using solid-phase chemistry and step-by-step addition of particles, the two unique faces on the same IO nanosphere served as fittings to assemble them into linear nanochains. In the last step of synthesis, one DOX-loaded liposome was attached to the nanochain. Using a combination of extrusion and sonication, DOX-loaded liposomes were fabricated with a diameter of 35 nm. This liposome size was comparable to that of the IO spheres. The final nanoparticle consisted of three IO spheres and one DOX-loaded liposome with the overall geometrical dimensions of the DOX-NC particle being about 100×30 nm (length x width), which was essentially the summation of the lengths of its constituent IO spheres and liposome. To evaluate the robustness of the nanochain synthesis, the nanochains were analyzed via visual inspection of multiple TEM images. The nanochains were synthesized in a highly controlled manner. Most of the nanochains are linear and consist of 4 members with the overall geometrical dimensions of the particle being about 100×20 nm (length x width). While <5% of the total particles in the suspension were the parent (unbound) IO spheres, the majority of the particles (83%) comprised of nanochains with three IO spheres and one liposome with the rest of the suspension being nanochains with 2 or 3 IO spheres. Due to the high intraliposomal space available for drug encapsulation and the efficient remote loading technique (19) , the DOX cargo of DOX-NC was high (i.e. 6.8×10 ng/DOX-NC particle).
Therapeutic Effectiveness in a Mouse Breast Tumor Model
Our goal was to evaluate the response of a primary tumor to the nanochain treatment in terms of growth rate of the tumor at the primary site and its subsequent metastatic spread to the rest of the body. Longitudinal BLI imaging of the untreated group of animals was performed every 2-3 days over a 7-week period after inoculation of the 4T1-LUC-GFP in a mammary fat pad. As shown in Fig. 3a , the growth of the primary tumor exhibited different phases. After a rapid growth of the primary tumor during the first 2 weeks, the tumor growth plateaued for about 2 weeks followed by increased growth again in week 5. Metastasis became detectable by BLI for the first time in the thoracic region in the end of week 3. After that time point, metastatic growth increased rapidly. Figure 3b (y-axis is in logarithmic scale) shows the quantification of the BLI signal indicating that the development of metastases followed an almost exponential growth (inset shows the same graph with the y-axis being in linear scale). In addition to BLI imaging, histological analysis at day 14 after orthotopic tumor inoculation confirmed that cancer was only found at the primary site and had not yet spread elsewhere in the body. Thus, to replicate a therapeutic approach in a neoadjuvant mode, we treated the animals at day 14, because the tumor was restricted at its primary site, the mammary fat pad. Figure 3c shows representative images of the group treated with a single injection of free DOX at day 14 followed by application of RF 18 h after injection. It should be noted that the administered dose was 0.5 mg DOX per kg of body weight. The tumor response was evaluated by quantitatively following the BLI signal over the period of weeks after treatment. In addition to the representative BLI images, quantification of the BLI signal (Fig. 3d) indicates that the DOX treatment resulted in negligible therapeutic benefits. BLI images of the group treated with a single application of the nanochain formulation (at day 14) are shown in Fig. 3e . The nanochains were administered at a dose of 0.5 mg DOX per kg of body weight. While the treatment exhibited a moderate effect on the growth of the primary tumor, quantification of the BLI signal (Fig. 3f) indicates that metastatic spread was delayed by a few days compared to the untreated animals. However, the rate of metastatic spread quickly became similar to the untreated group.
On the other hand, the combination of nanochains and RF field resulted in a significant enhancement of the therapeutic outcome. The representative BLI images shown in Fig. 3g illustrate that a single treatment with nanochains at ) were implanted into the mammary fat pad of female BALB/c mice. Animals were imaged every 2-3 days over the period of 6 weeks. Besides an untreated group, animals were treated with DOX-loaded nanochains or free DOX (followed by RF) at a dose of 0.5 mg/kg DOX at day 14 after tumor inoculation. Representative images of longitudinal imaging are shown for (a) an untreated animal, (c) DOX-treated animal followed by application of an RF field 18 h after injection (e) nanochain-treated animal, (g) and nanochain-treated animal followed by application of an RF field 18 h after injection. Quantification of BLI light emission from primary and metastatic tumors over the six-week period is shown for (b) the untreated group (inset: the same plot is shown with the y-axis being in a standard linear scale), (d) the DOX-treated group followed by RF, (f) the nanochain-treated group, (h) and the nanochain-treated group followed by RF. Y-axis is in logarithmic scale. The blue tick mark indicates that all the data points between the two curves are statistically different (P<0.005; n=5 animals per group). day 14 followed by the application of an RF field (18 h later), resulted in substantial shrinkage of the primary tumor and significant delay in the subsequent appearance of metastasis. More specifically, Fig. 3h quantitatively shows that the primary tumor started shrinking immediately after treatment as indicated by the 10-fold decrease of BLI signal between days 15 and 22. Most importantly, metastases appeared at a later time, which suggests the RF-triggered liberation of free DOX substantially delayed the growth of the primary tumor and its propensity to form metastases in comparison to the other groups. To realize the degree of tumor response to the nanochain treatment followed by RF, Fig. 4 compares the four different conditions. As shown in Fig. 4a , the BLI signal in the primary tumor of animals treated with free DOX (with RF) or nanochains (without RF) was~35-fold higher than that of animals treated with the nanochain treatment followed by RF. As a result of the RF-triggered release of DOX, the primary tumor shrank, which subsequently resulted in significant delay of the metastatic and aggressive behavior of the tumor. While the DOX treatment (with RF) or nanochain therapy (without RF) delayed the appearance of metastasis by 5 days compared to the untreated group (Fig. 4b) , the growth rate of metastasis quickly became indistinguishable between these groups. However, the application of RF on nanochaintreated animals resulted in an outstanding 1000-fold lower BLI signal from metastases than the group treated with the nanochains (without RF) at their terminal point (~day 38).
To validate the BLI data and confirm the tumor presence in a qualitative manner, one animal (per condition) was euthanized at day 30 and organs were imaged ex vivo using a CRi Maestro fluorescence imaging system, since the 4T1-LUC-GFP cell line stably express GFP. Figure 5a confirms the presence of widespread metastasis in the liver, spleen and lungs in the untreated and the nanochain-treated (without RF) animals. Grossly, the metastatic tumors appeared as white nodules in bright field imaging, compared to the darker liver parenchyma. Most importantly, the low fluorescence signal from organs in the animal treated with nanochains followed by RF indicates the presence of a very small number of cancer cells. Even though metastasis became apparent with BLI at day 26, the sensitivity of the method does not allow detection of the first few cancer cells that seeded the metastatic sites at an earlier time point (20, 21) . Therefore, we histologically examined the same organs using fluorescence microscopy. Images of entire histological sections of the organs were obtained at a 5× magnification using the automated tiling function of the microscope. Representative images of liver and lung lobes are shown in Fig. 5b . While a large number of metastatic cancer cells (green) were found dispersed throughout the liver and lung tissues in the untreated and the nanochain-treated (without RF) animals, a very small number of clusters of metastatic cells were seen in the liver and lung parenchyma of the animal treated with nanochains followed by RF.
In addition, the therapeutic effect was determined by comparing the survival times of treated animals to untreated animals (Fig. 6) . A statistically significant increase in survival time of the nanochain-treated animals followed by RF (64.3±6.2 days; expressed as mean±s.d.) was observed when compared to the free doxorubicin-treated group followed by RF (38.5±2.5 days), the nanochain-treated group (35.7±-4.3 days) and the control group (30.5±7.15 days).
DISCUSSION
In a recent publication (7), we introduced a new class of nanoparticles based on a multicomponent nanochain with an RF-triggered release mechanism that is based on mechanical vibrations occurring on a single nanochain particle. In those in vivo studies, we showed that DOX-loaded nanochains exhibited prolonged circulation and more effective extravasation into tumors than liposomes with diameters of 30 or Fig. 4 Overall comparison of the BLI signal indicating the progression of (a) the primary and (b) metastatic spread of the untreated group (control), DOXtreated group (DOX with RF), the nanochain-treated group (NC-no RF), and the nanochain-treated group followed by RF (NC with RF). Y-axis is in logarithmic scale. Data points marked with asterisks are statistically different between the "NC with RF" group and the other groups. Data points marked with crosses are statistically different between the "NC (no RF)" group and the control group (* and † P<0.05; n=5-6 animals per group). 100 nm. However, both types of nanoparticles, nanochains and liposomes, exhibited the typical patchy, near-perivascular deposition in tumors. Furthermore, we histologically showed that the application of an RF field generated rapid and widespread release of free DOX throughout the entire tumor volume, resulting in substantial apoptosis of cancer cells throughout the entire tumor volume.
Here, we focused on evaluating the therapeutic efficacy of the nanochain treatment in the neoadjuvant mode in an animal model of triple-negative breast cancer. Among the subtypes of breast cancer (22) , triple-negative breast cancer is an extremely aggressive and difficult-to-treat subtype. Even though triple-negative breast cancer represents 15-25% of invasive breast cancers, their aggressive and metastatic phenotype results in disproportional mortality among patients with breast cancer (23) (24) (25) . In combination with surgery and radiation therapy, systemic chemotherapy, in its adjuvant and neoadjuvant modes, is the principal treatment for triple-negative breast cancer. However, once metastases are developed, treating a metastatic lesion hidden within a large population of normal cells presents a unique challenge. It is clinically evident that combination of chemotherapy followed by surgical resection of primary tumor in metastasis-free patients typically results in successful therapeutic outcomes (26) . Therefore, especially in the case of neoadjuvant chemotherapy, new agents are required to effectively reduce the growth of the primary tumor and prevent its spread before surgery, resulting in significant clinical impact (27, 28) .
In this study, non-invasive BLI imaging was used to measure the response of triple-negative breast tumors. While caliper measurement of the size of a primary tumor provides a useful and quick metric, it cannot provide an exact measurement of the entire volume of the primary tumor. In addition, measurement of the primary tumor growth alone cannot inform us whether the disease has spread beyond the primary site. This information is very important especially in neoadjuvant scenarios, in which chemotherapy precedes surgical resection of primary tumor. More specifically, we non-invasively assessed the effectiveness of nanochain-based chemotherapeutic in terms of the spatiotemporal progression of breast cancer using longitudinal BLI imaging and the 4T1-LUC-GFP cell line. The orthotopic 4T1 mouse model is a mouse syngeneic and orthotopic mammary adenocarcinoma model displaying genetic compatibility of the tumor microenvironment with the host tissues in immune-competent animals (16, 17, (29) (30) (31) (32) . The aggressiveness and metastatic tendency of the animal model is directly related to the intact function of the immune system of the animal model. Previous studies have shown that growth of cells at the primary site displays a biphasic behavior (16): 1) the primary tumor rapidly grows in the first 2 weeks after inoculation of tumor cells in the mammary fat pad; 2) the tumor then shrinks over the next Fig. 5 (a) Evaluation of distribution of metastases using ex vivo imaging of organs. Organs from one animal per condition were excised 30 days after tumor inoculation and imaged using a CRi Maestro fluorescence imaging system. Green indicates the presence of 4T1-LUC-GFP cells. (b) Fluorescence images of entire histological sections of liver and lung lobes from the untreated animal and the nanochain-treated animal followed by RF (5× magnification; blue: nuclear stain (DAPI); green: 4T1-LUC-GFP cells). Images of entire histological sections of the organs were obtained using the automated tiling function of the microscope. Fig. 6 The survival of the group treated with DOX-loaded nanochain followed by RF (n=5) was significantly prolonged when compared to the DOX-treated group followed by RF (n=6), the nanochain-treated group (n=5) and the untreated group (n=5).
2 weeks due to infiltration of leukocytes and extensive necrosis; 3) during the 4th week, the tumor grows again with metastases occurring primarily in the liver, spleen, and lungs. This is consistent with our observations as shown in Fig. 3a,b . Based on these findings, we elected to apply the nanochain and control treatments at day 14 after tumor inoculation, because the tumor was still confined at the primary site and had not yet invaded or metastasized.
Compared to the untreated animals, the growth of primary tumors treated with the DOX-loaded nanochain (without RF) was decreased, since nanochains exhibit selective deposition into primary tumors due to the Enhanced Permeation and Retention (EPR) effect. This is in good agreement with our previous publication (7), where we showed that the nanochains achieved a 2-fold higher deposition into primary tumors compared to 100-nm liposomes. Even with that enhanced deposition into tumors, the single application of the DOX-loaded nanochain treatment (without RF) provided only modest benefits. However, the application of RF on nanochaintreated animals significantly impacted the tumor progression. It should be emphasized that nanochain treatment was based on a low DOX dose (0.5 mg DOX per kg body weight). Typical dosage of liposomal DOX is 10-20 times higher and ranges from 5 to 10 mg/kg in preclinical and clinical studies (6, 33) . Thus, since the RF pulse can be localized to organs of interest, the nanochainbased therapy has the potential of being highly effective using a low dose of chemotherapy.
CONCLUSION
In conclusion, we demonstrated that improvement of the temporal and spatial intratumoral distribution of chemotherapeutic drugs can achieve substantially improved outcomes as measured by BLI imaging. Considering the very low dose of the agent and that RF can penetrate deep into tissues, we envision that this platform technology could effectively deliver drugs to highly aggressive tumors with all the benefits of reduced side effects and substantial impact on cancer treatment.
